BACKGROUND: High frequency oscillatory ventilation (HFOV) is considered a protective strategy for human lungs. This study was designed to define microscopic structural features of lung injury following HFOV with a high lung volume strategy in newborn piglets with acute lung injury. METHODS: After acute lung injury with saline lavage, newborn piglets were randomly assigned to 5 study groups (6 in each group): control (no mechanical ventilation), conventional mechanical ventilation for 24 hours, conventional ventilation for 48 hours, HFOV for 24 hours, and HFOV for 48 hours. The right upper lung tissue was divided into the gravitation-dependent and gravitationnondependent regions after the completion of mechanical ventilation. Under light microscopy, the numbers of polymorphonuclear leukocytes (PMNLs), alveolar macrophages, red blood cells, and hyaline membrane/alveolar edema were assessed in all lung tissues. Oxygenation index was continuously monitored. RESULTS: Our results showed that the degree of histopathologic lung damage in the gravitation-dependent region was greater than that in the gravitation-nondependent region. Compared with the control group, PMNLs, red blood cells and hyaline membrane/alveolar edemas were significantly increased and alveolar macrophages were significantly decreased in lung tissues of conventional ventilation and HFOV piglets. In HFOV with high lung volume strategy piglets, lung tissues had significantly fewer PMNLs, red blood cells, and hyaline membrane/alveolar edemas, and oxygenation was improved significantly, compared to those of the conventional ventilation piglets. CONCLUSIONS: Histopathologic lung damage in newborn piglets with lung injury was more severe in the gravitation-dependent region than in the gravitation-nondependent region. HFOV with high lung volume strategy reduced pulmonary PMNL infiltration, hemorrhage, alveolar edema, and hyaline membrane formation with improved oxygenation. Key words: acute lung injury; ventilator-induced lung injury; conventional ventilation; high frequency oscillatory ventilation; newborn piglet. [Respir Care 2013;58(5):824 -830.
Introduction
Mechanical ventilation is an important therapeutic measure to reduce mortality and improve prognosis for acute lung injury (ALI) and ARDS. However, mechanical ventilation may aggravate pre-existing lung injury or cause injury in healthy lungs, 1,2 a phenomenon that is frequently referred to as ventilator-induced lung injury (VILI). In high frequency oscillatory ventilation (HFOV), small tidal volumes, which are usually equal to 20 -80% of the anatomic dead space, are oscillated around a relatively high, fixed mean airway pressure, using a high frequency piston pump or oscillatory diaphragm movements. HFOV has been regarded as a protective ventilation strategy to relieve and attenuate VILI.
Previous studies have shown that HFOV improves gas exchange in newborns with ALI or ARDS. 3, 4 However, little is known about HFOV regarding the histopathologic features of lung injury in newborns with ALI or ARDS. Therefore, we used a newborn piglet model with VILI to study the effects of conventional mechanical ventilation and HFOV with a high lung volume strategy on lung histopathology. The objective of this study was to define microscopic structural features of lung injury following HFOV with a high lung volume strategy in a newborn piglet model with ALI.
Methods

Animals and Surgery
Thirty newborn piglets (Յ 3 days old, weighing 1.0 -1.97 kg) were used in this study. All animal experiments were performed with the approval of the Guangdong Second Provincial People's Hospital Animal Care and Use Committee (2009-XEK-028).
Piglets were given 10% chloral hydrate (1 mL/kg) by mouth and placed in the supine position under an infant radiant warmer. The body temperature of the animals was kept within a range of 38.0 -39.5°C. Catheters were inserted in the axillary vein and the femoral artery for medications and fluids, and for blood gas analysis and arterial blood pressure monitoring. The maintenance fluids were provided by the continuous infusion of 0.9% saline solution containing 5% dextrose (120 mL/kg/d). A dopamine infusion (5 g/kg/min) was continuously administered. The piglets were anesthetized using diazepam (0.5 mg/kg, intramuscularly) followed by ethyl carbamate (0.6 g/kg, intravenously). The piglets were intubated with endotracheal tubes (4.0 mm internal diameter) and ventilated using conventional ventilation (Servo-i, Maquet, Sölna, Sweden) or HFOV. After the initiation of mechanical ventilation, each piglet was intravenously infused with a bolus of cefotiam hydrochloride (100 mg/kg).
Using the pressure control mode, the initial ventilator settings were set to a PEEP of 2 cm H 2 O, a peak inspiratory pressure of 10 cm H 2 O, an inspiratory to expiratory ratio of 1:2, and an F IO 2 of 0.30. The breathing frequency was set at a level of 25-30 breaths/min and adjusted to maintain P aCO 2 in the normal range (35-45 mm Hg).
Acute Lung Injury and Treatment Regimens
After baseline measurements of arterial blood gases, arterial blood pressure, and heart rate, ALI was induced by lavaging the whole lung with normal saline. During lavage, all piglets were ventilated using a conventional mechanical ventilator, using the pressure control mode. Briefly, warmed (37°C) normal saline (35 mL/kg) was instilled into the lung via the endotracheal tube. Saline was allowed to remain in the lung for 10 s before removal. Lung lavage was repeated at 5-min intervals until P aO 2 was below 100 mm Hg for 60 min at the following ventilator settings: peak inspiratory pressure 24 cm H 2 O, PEEP 6 cm H 2 O, inspiratory to expiratory ratio 1:2, F IO 2 1.0, and breathing frequency 35 breaths/min.
After lung injury was established, the piglets were randomly assigned to one of the 5 study groups (6 in each group): control (with no ventilation), conventional ventilation for 24 hours, conventional ventilation for 48 hours, HFOV for 24 hours, and HFOV for 48 hours. After the establishment of lung injury, the control piglets were sacrificed using an overdose of 10% potassium chloride under deep anesthesia. In the conventional ventilation group, the piglets were ventilated using a conventional mechanical ventilator (Servo-i) in the pressure control mode at the following ventilator settings: peak inspiratory pressure 20 cm H 2 O, PEEP 4 cm H 2 O, inspiratory to expiratory ratio 1:2, and F IO 2 1.0. The breathing frequency was set at a level of 25-30 breaths/min and adjusted to maintain P aCO 2 in the normal range (35-45 mm Hg). In the HFOV group the piglets were placed on HFOV (SLE-5000, Tokibo, Tokyo, Japan), with an oscillatory frequency of 10 Hz, a fractional inspiratory time of 33%, and an F IO 2 of 1.0. The mean airway pressure was set to 2 cm H 2 O higher than that during conventional ventilation, which meant a high lung volume strategy in HFOV. The amplitude was set at a level of 20 -25 cm H 2 O and adjusted to maintain P aCO 2 in the normal range (35-45 mm Hg). During ventilation, F IO 2 was decreased by 10% every 6 h until
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Current knowledge
High-frequency oscillatory ventilation (HFOV) uses a high mean airway pressure to recruit the lung, and small pressure oscillations around the mean, which might be a lung protective strategy. In infants, HFOV improves gas exchange and lowers the peak airway pressure, but there have been mixed results on HFOV's effects on important outcomes.
What this paper contributes to our knowledge
In a piglet model of acute lung injury the lung damage from mechanical ventilation was more severe in the gravitationally dependent lung regions. Lung injury occurred with both conventional ventilation and HFOV, but HFOV improved oxygenation and reduced lung damage, as evidenced by reduced pulmonary polymorphonuclear leukocyte infiltration, alveolar edema, and hyaline membrane formation.
it reached 40%. At the end of ventilation, the piglets were sacrificed using an overdose of 10% potassium chloride under deep anesthesia. The lungs were immediately removed and fixed in 10% buffered formalin.
Arterial blood gases were obtained regularly. Arterial blood pressure and heart rate were continuously monitored using a multifunctional electrocardiogram monitor (IntelliVue MP20, Philips Healthcare, Best, The Netherlands). Arterial blood gases, arterial blood pressure, and heart rate were recorded at baseline, after induction of ALI (ALI 0 h), and at 1, 6, 12, 24, and 48 h after initiation of either conventional ventilation or HFOV. To compare gas exchange between groups, oxygenation index (OI) was calculated as:
Mean arterial blood pressure was calculated as:
Light Microscopy and Morphometry
Histologic and morphometric analyses were performed using right upper lung tissue from the piglets. Fixed lungs were divided into gravitation-dependent and gravitationnondependent regions. Each lung sample was cut into 2 serial sections: slices I and II. Slice I was deparaffinized using xylene, dehydrated in graded alcohol, and stained with hematoxylin and eosin. Slice II was stained with modified Mallory's phosphotungstic acid hematoxylin.
A total of 5-10 random fields of view were evaluated in each section under a light microscope at a magnification of 400. In slice I the numbers of polymorphonuclear leukocytes (PMNLs), alveolar macrophages (AMs), and red blood cells (RBCs) were counted. In slice II, the number of hyaline membrane/alveolar edemas (HM/AEs) were counted. All of the values were expressed as the numbers per 100 alveoli of the gravitation-dependent or gravitationnondependent regions.
Statistical Analysis
Statistical analysis was performed using statistics software (SPSS 13.0, SPSS, Chicago, Illinois). The data are expressed as mean Ϯ SD. Data were assessed by multiple linear regression and by analysis of variance for the intergroup comparison. The post hoc analysis was performed using the least significant difference test (when the homogeneity of variances was equal) or the Dunnett T3 test (when homogeneity of variances was unequal). Statistical comparisons between gravitation-dependent and gravitation-nondependent regions of the same group were performed using the nondependent-samples t test. Oxygenation and hemodynamic parameters (mean arterial pressure and heart rate) over time were compared between groups using a 2-way analysis of variance for repeated measures. Statistical significance was defined as P Յ .05.
Results
Oxygenation Index and Hemodynamic Measurements
There were no significant differences in OI, mean arterial pressure, and heart rate between the groups at baseline and at ALI 0 h, respectively. The Table shows the OI, mean arterial pressure, and heart rate in different groups before and after lung injury was induced as well as over the ventilation periods. With the extension of ventilation time, oxygenation was improved, and mean arterial pressure and heart rate were stable. From the 6th hour to the 48th hour, OI in HFOV was significantly lower than that in conventional ventilation. 
Gross and Microscopic Lung Histopathology
Morphologically, the lungs appeared smooth with no obvious swelling in the control group. In piglets with conventional ventilation or HFOV the lungs were swollen with punctiform and flaky bleeding, which were more pronounced in the gravitation-dependent region than in the gravitation-nondependent region. The lung damage was more severe in the conventional ventilation group than in the HFOV group. In the conventional ventilation or HFOV groups, the degree of lung damage was less intense after 24 h, compared to that after 48 h.
Under light microscopy, alveolar collapse and hyaline membrane formation were observed in the control group (Fig. 1A and 1B) . After ventilation for 24 hours with conventional ventilation (see Figs. 1C and 1D) , the lungs exhibited a large area of alveolar atelectasis. In addition, we observed alveoli rupturing; interstitial and septal pulmonary edema; intra-alveolar hemorrhaging; PMNL infiltration; hyaline membrane formation; microangium congestion, lymphangiectasia, and cilia dislodgement in the bronchioles; and cellulose exudation in the bronchiole spaces. Compared to the conventional ventilation 24 h group, piglets in the conventional ventilation 48 h group exhibited less alveolar atelectasis but increased alveoli rup- 
HM/AE, RBC, PMNL, and AM Analyses
Different ventilation methods, different ventilation time, and different lung regions made a significant difference to the numbers of HM/AEs, RBCs and PMNLs in the 5 study groups (no mechanical ventilation, conventional ventilation for 24 h, conventional ventilation for 48 h, HFOV for 24 h, and HFOV for 48 h). To the numbers of AMs in inter-ventilation-groups, different ventilation methods and different ventilation time were made a significant difference.
As shown in Figure 2 , the numbers of HM/AEs, RBCs, and PMNLs were significantly increased in lung tissues of all the conventional ventilation and HFOV groups, compared to those in the control group (P Ͻ .01). However, the HFOV 24 h or 48 h groups had significantly fewer HM/AEs or RBCs, compared to the conventional ventilation 24 h or 48 h groups, respectively (P Ͻ .01). In addition, the numbers of PMNLs were significantly decreased in the HFOV and conventional ventilation 48 h groups (P Ͻ .01) but not the HFOV and conventional ventilation 24 h groups. In the conventional ventilation or HFOV groups the numbers of HM/AEs and RBCs were significantly increased in lung tissues of the 48 h groups, compared to those in the 24 h groups of the same ventilation mode (P Ͻ .01). In addition, the numbers of HM/AEs and RBCs were significantly higher in the gravitation-dependent region than in the gravitation-nondependent region in the lung tissues of piglets with conventional ventilation or HFOV (P Ͻ .05).
As shown in Figure 3 , the numbers of AMs were not significantly different between the gravitation-dependent and gravitation-nondependent regions in lung tissues of piglets with conventional ventilation (24 h . However, the numbers of AMs were significantly decreased in the lung tissues of all conventional ventilation and HFOV groups, except for the conventional ventilation 24 h group compared to those in the control group (P ϭ .40). The HFOV 24 h group displayed significantly less AMs, compared to the conventional ventilation 24 h group (P Ͻ .001). In addition, the numbers of AMs was significantly decreased in the lung tissues of the conventional ventilation 48 h group, compared to the conventional ventilation 24 h group (P Ͻ .001). 
Discussion
Due to the special growth and developmental characteristics of newborn infants, VILI is thought to play an important role in the pathogenesis of neonatal chronic lung disease, which has an adverse effect on the survival rate and the quality of life for newborns with ALI/ARDS. To study newborn ALI/ARDS, newborn animals, such as piglets, 5, 6 rats, 7 and rabbits, 8 have been used as animal models. Because the organ development, lung volume, and birth weight of newborn piglets resemble those of newborn infants, the current study used induced ALI/ARDS in newborn piglets.
One of the aims in this study was to compare the histopathological features of the lung damage in gravitationdependent and gravitation-nondependent regions. Compared to the gravitation-nondependent region, the gravitation-dependent region displayed increased lung swelling and hemorrhaging, and damage to the alveolar integrity and organization. We observed increased inflammatory cell infiltration, edema formation, and hemorrhages, using a quantitative analysis of the numbers of PMNLs, AMs, RBCs, and HM/AEs. Consistent with the result from Viana et al, 9 we demonstrated that histopathologic lung damage was more severe in the gravitation-dependent region than in the gravitation-nondependent region during ventilation. In ALI/ARDS, lung pathological changes are diffuse, and extraordinary disparities in lung compliances among different regions are observed. When ventilated in the supine position, the dorsal region (gravitation-dependent region) displays limited lung ectasis, compared to the gastric region (gravitation-nondependent region), due to the existence of the spinal support and increased pulmonary capillary blood flow volumes, which result in a decreased ventilation/blood flow ratio and the disturbance of gas diffusion. Furthermore, the shear force that is induced by damaged alveoli damages the structures and functions of type II alveolar epithelial cells, resulting in inactivation and decreased pulmonary surfactant secretion. After lung damage, pro-inflammatory cytokines and mediators are activated and released to further aggravate lung injury and eventually increase histopathologic lung damage in the gravitation-dependent region.
Another aim of our study was to compare the histopathologic lung damage between HFOV with high lung volume strategy and conventional ventilation. Cyclic stretch of alveoli is one of the characteristics of mechanical ventilation, and repeated opening and closing of atelectatic lung segments at low lung volume (atelectrauma) is postulated to be partly responsible for VILI and inflammation in VILI. Hence we used a high lung volume strategy in HFOV. In this study the treatment of ALI in newborn piglets with mechanical ventilation, using the HFOV mode or the conventional ventilation mode for 24 -48 hours, increased lung inflammatory infiltration. ALI/ARDS and VILI perturb the balance between pro-inflammatory and anti-inflammatory responses. The inflammatory response to this damage is primarily dependent on PMNL. Greater quantities of PMNLs are recruited and sequestrated in lung tissues after lung damage, and PMNLs play a critical role in the development and progression of lung injury. [10] [11] [12] When piglets were ventilated with the conventional ventilation mode for 48 hours, PMNLs were increased and AMs were decreased, which may suggest that the activation of PMNLs and the inflammatory response are closely associated with the interactions between PMNLs and AMs. The phenotype of activated AMs is altered because induced PMNLs delay apoptosis in the early stage of ALI. 13 Activated AMs secrete pro-inflammatory cytokines that induce the PMNL-mediated delays in apoptosis 14 and increase the release of inflammatory factors via autocrine or paracrine effects of inflammatory cytokines and inflammatory effector cells. Therefore, great quantities of PMNLs are recruited and sequestered, due to the interactions between these inflammatory factors. However, abnormalities in AM apoptosis are present in ALI. The AM apoptosis ratio is significantly increased over time. 15, 16 PMNLs that have undergone apoptosis are not removed due to decreased AMs. In this study we showed that in piglets that were ventilated with the HFOV mode for 48 hours, PMNLs were not significantly increased (see Fig. 2C ) and AMs were not significantly decreased (see Fig. 3 ). PMNLs in the HFOV group were lower than the conventional ventilation group, especially in the HFOV 48 h group (see Fig. 2C ). Our findings suggest that inflammatory infiltration in the HFOV group is decreased, compared to that in the conventional ventilation group, and are consistent with the findings of Capoluongo et al 17 and von der Hardt et al, 18 which showed that HFOV decreases the expression of proinflammatory cytokines.
With increased inflammatory infiltration we observed increased pulmonary hemorrhages, edema formation, and rupturing of the alveolar integrity and organization in piglets with VILI, suggesting a positive correlation between the inflammatory infiltration in the lung tissue and the severity of lung injury. Compared with the conventional ventilation group, the HFOV with a high lung volume strategy group displayed less inflammatory infiltration and damage to alveolar integrity and organization (see Fig. 1 ), implying that lung injury was less intense in the HFOV with high lung volume strategy group than in the conventional ventilation group. Pulmonary inflammatory infiltration, hemorrhages, and edema formation have a close relationship with the degree of lung injury. First, these harmful factors injure type II alveolar epithelial cells and decrease the synthesis and secretion of pulmonary surfactant. Second, these harmful factors may directly inactivate pulmonary surfactant, resulting in impaired lung immunological functions and hypoxemia, which is difficult to treat and further decreases pulmonary surfactant. Therefore, reducing pulmonary inflammatory infiltration, hemorrhages, edema, and hyaline membrane formation is critical to treat ALI/ARDS and to relieve and attenuate VILI.
In this study a surfactant deficient piglet model of ALI was used without surfactant replacement. Our data indicated that, compared to conventional ventilation, HFOV with a high lung volume strategy improved oxygenation fast and significantly. Even though we found hemodynamics stable during the whole ventilation process with either conventional ventilation or HFOV, a further study has to be performed to observe returned blood volume, hemodynamics such as cardiac output and cardiac index, air leak, and neurologic outcome.
Conclusions
In conclusion, histopathologic lung damage in newborn piglets with ALI was more severe in the gravitation-dependent region than in the gravitation-nondependent region. Different ventilation methods resulted in different damaged effect on injured lungs. Despite the improvement in oxygenation, HFOV with a high lung volume strategy attenuated lung injury by reducing pulmonary PMNLs infiltration, hemorrhages, alveolar edema, and hyaline membrane formation.
